Complete conformational analysis of all possible keto and enol forms of thenoyltrifluoroacetone (TTFA) was carried out using density functional theory with the B3LYP functional and the 6-31G**, 6-311G**, and 6-311++G** basis sets. In addition, the geometries and energies of the four most stable chelated conformers and their corresponding open structures were obtained at the MP2/6-31G** level of theory. The energy differences between the four stable chelated enol conformers, in the gas phase, calculated at the B3LYP levels are negligible. However, calculations at the MP2 level indicate that the B2 conformer (the hydroxyl group in the −CF 3 side) is significantly more stable than others, in agreement with the X-ray diffraction results. The calculated intramolecular hydrogen bond (IHB) energy E HB and the strength of the bond have been compared, and an imperfection in the prevalent method of evaluating E HB has been perceived. The IHB of TTFA was compared with those in several β-dicarbonyls.
Introduction
β-diketones belong to the well-known class of tautomeric compounds that are widely used in inorganic and organic chemistry. Over the years, the keto-enol tautomeric equilibrium, the structure of both keto and enol forms, and the nature of the strong intramolecular O-H· · ·O hydrogen bond in the enol form of β-diketones have been the subjects of intensive studies using a large variety of different methods, including IR, Raman, microwave, and NMR spectroscopies, X-ray and neutron diffraction measurements, quantum-chemical calculations, and some other techniques.
1,2
The tautomers of β-diketones, as keto and enol, exist in equilibrium in solution (Fig. 1) . The position of the keto-enol equilibrium in this class of compounds differs according to the electronic characteristics of the substituents, the temperature, and the nature of the solvents.
The hydrogen bond formation, which stabilizes the chelated enol forms of β-diketones, [3] [4] [5] leads to an enhancement of the π-electron resonance conjugation that causes a marked tendency for the bond order equalization of the valence bonds 6 in the resulting six-membered chelated ring. The implantation of different substituents in α-or β-position drastically changes the hydrogen bond strength and the equilibrium between the enol and keto tautomers.
7-9
Several experimental data suggest that substitution at α-or β-position by electron-withdrawing groups, such as the trifluoromethyl group (−CF 3 ), decreases the strength of the intramolecular hydrogen bond (IHB), whilst substitution of a π-system, such as the phenyl group (−C 6 H 5 ), increases the IHB strength.
10-13
1-(2-thienyl)-4,4,4-trifluorobutane-1,3-dione, C 4 H 3 S-COCH 2 CO-CF 3 ( Fig. 2) , known as thenoyltrifluoroacetone (TTFA), has two β-substituted groups with different electron-withdrawing, steric, and resonance effects. Therefore, it is interesting to cross-check these effects on tautomerism, geometry, and IHB strength. 
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TTFA has a wide range of applications, including being a powerful chelating agent for the extraction of lanthanides, actinides, and transition elements. [14] [15] [16] [17] [18] It is also well known that TTFA enhances the Eu(III)-sensitized luminescence of tetracyclines, an important antibiotic group used in medical and veterinary practice. 19 This effect has been used to detect tetracyclines in serum 20 and milk 21 and to detect DNA.
22,23
Many β-dicarbonyl compounds exist exclusively in the enol form in the solid state.
24-27 X-ray diffraction investigations indicate that TTFA is also in the enol form in the solid state, with two molecules per unit cell that have slightly different geometrical structures. 28 According to the X-ray results, enolization is favored near to the electron-withdrawing −CF 3 group. Successive substitution of the methyl groups of acetylacetone (AA) by the −CF 3 groups increases the enol content of the resulting β-dicarbonyls.
The enol content in pure liquid forms of AA (R 1 = R 3 = CH 3 ), trifluoroacetylacetone (TFAA, R 1 = CH 3 , R 3 = CF 3 ), and hexafluoroacetylacetone (HFAA, R 1 = R 3 = CF 3 ) is reported to be 74%, 96%, and 100%, respectively. 29 However, substitution of the −CH 3 groups by the −CF 3 groups decreases the strength of the IHB. The trend in IHB strength, according to the NMR proton chemical shifts 11 and vibrational spectroscopic results, 12 is AA > TFAA > HFAA. By investigating the NMR results of TFAA, Geraldes et al. 30 concluded that the enolization favors towards the −CF 3 group. Massyn et al. 31 attributed this result and higher enol content of the fluorinated β-diketones to the possible formation of the IHB between the OH group and fluorine atoms in the fluorinated β-dicarbonyl compounds. Recently, Tayyari et al. 8 explained the enol stabilization of β-diketones by electron-withdrawing groups, and showed that in dimethyloxaloacetate, with an electron-donating group, −OCH 3 , and an electron-withdrawing group, −COOCH 3 , the enolization occurs completely on the −COOCH 3 side.
In addition, Lopes and coworkers 32 reported that dimethylmalonate, CH 3 O−COCH 2 CO−OCH 3 , with two electron-donating groups, is completely in the keto form. On the other hand, it has been shown that substitution of the methyl groups in AA with the phenyl groups causes a significant increase in the keto-enol equilibrium and the IHB strength. [33] [34] [35] [36] This effect could be attributed to the enol stabilization by resonance, which also makes the IHB stronger. In line with this explanation, NMR spectroscopic data favor those enol forms in which their C=C bond is conjugated with the aromatic ring.
37,38
In TTFA, the −CF 3 and thienyl groups have different substitution effects, such as electron-withdrawing, steric, and resonance effects. Based on the above discussions, the investigation of these effects on IHB strength should potentially be very interesting.
The aim of the present paper is a thorough conformational analysis of TTFA (with special attention on the chelated cis-enol conformers) in order to obtain detailed information on the geometrical parameters, relative stabilities, and rotational motion of the thienyl group. It is also important to estimate the barrier height for proton transfer and the IHB strength, which are the main factors governing conformational stability. The calculated geometry and the strength of the IHB for the most stable conformer of TTFA are compared with those previously obtained for AA, TFAA, and HFAA.
Method of Analysis
All quantum calculations were carried out with the GAUSSIAN 03 software package. 39 The modern density functional theory (DFT) applying the hybrid gradient-corrected (three-parameter non-local) exchange functional by Becke 40 and the gradient-corrected (non-local) correlation functional of Lee, Yang, and Parr 41 was selected.
All possible enol and keto conformations of TTFA and the geometry of thiophene were fully optimized at the B3LYP level of theory with the 6-31G**, 6-311G**, and 6-311++G** basis sets, where the latter is a triple-zeta split valence basis set augmented with polarization and diffused functions 42 on all atoms. The geometries of the chelated enols and their corresponding open structures were also fully optimized at the MP2 level of theory with the 6-31G** basis set. For comparison, the fully optimized geometrical parameters of AA, TFAA, and HFAA in the chelated and open structure conformers were also calculated at the MP2/6-31G** level of theory. The atom numbering scheme of the system is shown in Fig. 2 .
In Fig. 3 , in order to estimate the barrier height for proton transfer from A1 to B1 and from A2 to B2 and vice versa, the enolated proton was placed in the midway of the two oxygen atoms (H-centered). The only restriction for the calculations of the H-centered species is the equality of O(1)-H(5) and O(2)-H(5) bond distances; all other geometrical parameters are relaxed for full optimization.
In order to study the rotational barrier of the thienyl ring about the C(4)-C(5) bond, the C(3)-C(4)-C(5)-C(6) dihedral angle (φ) was varied in steps of 15
• (A2) and 180
• (A1). Partial geometry optimizations at each of the fixed dihedral angles (relaxing all other parameters) were carried out at the B3LYP/6-311++G** level of theory. The torsional potential was represented as a Fourier cosine series in the dihedral angle (φ).
Results and Discussion

Conformational stability
From a theoretical point of view, 32 enol forms can be drawn for TTFA (Fig. 3) , in addition to the two H-centered conformations. Depending on the position of the enolated proton, two different classes of enol forms are possible (labeled as A and B in Figs. 3, 5 and 6). In conformation A, the hydroxyl group is close to the thienyl ring, while in conformation B, the enolization occurs at the trifluoromethyl side.
The cis-enol forms, in which the O-H and C α =C bonds are in the cis arrangement, are designated as I and their corresponding trans-enol conformers are designated For comparison, the relative energies of all of the tautomers of TTFA calculated at the B3LYP/6-31G** level of theory are given in Figs. 3 and 4. These relative energies clearly suggest that the chelated cis-enol conformers are so stable that the presence of other conformers in significant amounts is unlikely. Such high relative stability can be attributed to the IHB, which is absent in the keto and non-chelated enol conformers. The relative stability of the keto forms, about 7.3-9.6 kcal/mol, is next in line. The most unstable forms are those non-chelated enol (including 16 trans-enol and 12 cis-enol) conformers, due to the diverse steric hindrances. Their relative stabilities vary from 12.7 to 22.2 kcal/mol, with respect to the most stable chelated form.
The calculated relative stabilities of the four most stable chelated cis-enol forms, their corresponding trans-enol conformers, and H-centered structures are listed in Table 1 . All chelated A and B conformers have nearly the same stabilities in the gas phase at B3LYP (the biggest energy difference between them except for B1, even at the B3LYP/6-311G** level of theory, is less than 0.44 kcal/mol), but MP2 calculations indicate that the B2 conformer is at least 1.1 kcal/mol more stable than the other chelated conformations. It has been shown that the electron-withdrawing groups (such as −CF 3 ) connected to the β-dicarbonyl compounds cause an enhancement in the enol percentage of the system, whilst the electron-donating groups (such as −OCH 3 ) increase the keto content. 32, [43] [44] [45] [46] Besides these, Fig. 5 illustrates that the π-system substituted groups, such as phenyl and thienyl, at β-position can also affect the keto-enol equilibrium.
In Fig. 5 , it is explainable that to form an enolated species from the diketo form, the most acidic proton first leaves the C(6) atom and forms an ionic species, which may convert to the enolated form via two different pathways. In the first trajectory, since C(7) is more positive than C(5) (due to the strong inductive effect of the −CF 3 group), the negative charge on C(6) prefers to move towards C(7), and so leads to the B conformers. According to this interpretation, the B-type conformers may be more stable. On the other hand, in the second path, because of the π-electron resonance conjugation, O(1) (the oxygen atom adjacent to the thienyl ring) is more negative than O(2) and consequently the A conformers are preferred. Therefore, it seems that there is a competition between the thienyl and trifluoromethyl groups to form either A or B conformers. The MP2 results confirm that the first trajectory is predominant and the B conformations, in which the hydroxyl group is close to the trifluoromethyl group, are favored.
The higher stability of A2 and B2 in comparison with A1 and B1, respectively, is predicted from all levels of calculations. This result can be rationalized as an electrostatic attraction between the sulfur atom of the thienyl ring with a partial positive charge (due to the contribution of its lone pair electron to the ring electron resonance) and the lone-pair electrons of the oxygen atom. In the B2 conformer, this electrostatic attraction becomes significant, since the lone pair of the oxygen atom of the carbonyl group is in the thienyl ring plane. Table 2 shows that the barrier heights for proton transfers from A1 → B1 and from A2 → B2, calculated at B3LYP/6-31G**, are 2.01 and 1.89 kcal/mol, respectively. The corresponding barrier heights for AA and HFAA are 1.71 and 2.45 kcal/mol, 47 respectively. Thus, the barriers for proton transfer in all TTFA conformers are lower than that in HFAA, but higher than that in AA. These results also confirm that the IHB strength in TTFA conformers is stronger than that in HFAA, but weaker than that in AA. Table 2 also indicates that the calculated barrier heights are somewhat dependent on the levels of theory. This is understandable because the barrier height depends on the O· · ·O distance and the O-H bond length, both of which depend on the level of calculations (see Table 2 ); therefore, the calculated barrier heights are not the same for different levels of calculations. Table 2 . Selected structural parameters of the cis-enol forms of TTFA and thiophene, Gilli's parameters, and the barrier heights for proton transfer.
TTFA Thiophene B3LYP/6-31G** B3LYP/6-311G** B3LYP/6-311++G** MP2/6-31G** Exp. a (X-ray) 6-311++G** Exp.
Bond Lengths (Å) S(1)-C(1) TTFA Thiophene B3LYP/6-31G** B3LYP/6-311G** B3LYP/6-311++G** MP2/6-31G** Exp. a (X-ray) 6-311++G** Exp.
Bond Angles ( 
)-C(4)-C(5)-C(6).
d The Gilli's symmetry coordinates,
e The barrier height energies (the energy differences between the chelated and H-centered species) in kcal/mol.
Geometrical structures
The fully optimized structural parameters of the four chelated cis-enol forms of TTFA calculated at B3LYP with three basis sets and at MP2/6-31G**, their corresponding experimental X-ray results, the barrier heights for proton transfer, and the Gilli's symmetry coordinates (q 1 , q 2 , Q) 6 are summarized in Table 2 . For comparison, the optimized geometry of non-substituted thiophene calculated at B3LYP/6-311++G** along with its experimental results 48, 49 are also shown in this table. After comparing the calculated geometrical parameters of the thienyl group in TTFA and those of the free thiophene heterocyclic molecule in Table 2 , we have reached the following conclusions.
In TTFA, both C=C bonds of the thienyl group are longer, whereas the C-C single bond length is shorter than the corresponding bond lengths in thiophene. These results suggest an increase of π-electron delocalization into the enolone ring of TTFA.
Thiophene, a heterocyclic molecule with C 2 V symmetry, has aromatic character. Compared with those of thiophene, the shorter C(1)-S(1) and longer S(1)-C(4) bond lengths in the thienyl ring of TTFA, in agreement with the experimental results, indicate an asymmetric structure for the thienyl group, which is caused by conjugation between the thienyl and the enol rings.
Interestingly, the Gilli's symmetry coordinates -
, and Q (q 1 +q 2 )
6 -offer a criteria for bond equalization in the chelated rings. Comparison between these parameters (given in Table 2) indicates that q 2 is much greater than q 1 in type A chelated conformers, whereas q 2 is slightly smaller than q 1 in types B. The electron-rich thienyl ring enhances π-electron delocalization, or bond equalization, in the C=C α -C segment of the A forms; this is not possible in the B structures (see Fig. 6 ). This can readily adduce the direction and degree of π-electron delocalization.
The X-ray diffraction study by Jones 28 shows that there are two different molecules in the asymmetric unit cell of the crystal. According to our classification, both of these molecules belong to the B2(I) structure. Although the conditions in the solid state (such as lattice strain, circumscription of molecules, intermolecular interactions, and crystal structure) are very different from the gaseous state, the MP2 theoretical results in the gas phase, which favor the B2(I) conformer, are consistent with the X-ray experiment.
The alteration in structural parameters, per the remarked conditions in crystal, leads to an imparity between the theoretical calculations in solvent or gas phase and the experimental data of crystallography. Table 2 shows that the theoretical geometry of B2(I), obtained with the 6-311++G** basis set, are in better agreement with the averaged values of the experiment than the theoretical results of other basis sets.
It is noteworthy that almost all the calculated bond lengths of B2(I) are longer than the averaged experimental data, but the O· · ·O and O· · ·H distances and the enolone and thienyl rings can be considered to be essentially co-planar. This planarity indicates a strong conjugation between the thienyl and the enol rings. The rotational energy barrier of the thienyl group around the C(4)-C(5) single bond was also estimated for A1(I) ↔ A2(I) tautomerizations, measured with respect to the more stable tautomer using B3LYP/6-311++G**. In order to follow the potential change during these interconversions in the gas phase, the C(3)-C(4)-C(5)-C(6) dihedral angle (φ) was constrained as the reaction coordinate between 0
• and 360
• , while all other geometrical parameters were relaxed. Note that φ is about 0
• for A2(I) and about 180
• for A1(I). The potential surface of this symmetric torsion along the reaction path for A1(I) ↔ A2(I) interchange in the gas phase is shown in Fig. 7 . The barriers for internal rotation are calculated to be 7.396 kcal/mol for A1(I) → A2(I) and 7.457 kcal/mol for A2(I) → A1(I). Since the transition states for both interconversions are the same, the energy difference between the two minima is equal to the stability difference of two conformers. The high potential energy barrier, regardless of steric effect, could be used as a measure of stabilization through conjugation between the thienyl and enol rings. Due to the rotation of the thienyl group from A2(I) to A1(I), the thienyl and chelated rings are no longer co-planar; therefore, non-hybrid p atomic orbitals are not in the unique plane. So, the potential surfaces of middle states are considerably high. This torsional study confirms the contribution of the thienyl ring's π-electrons in resonance conjugation with the chelated ring. The above torsional potential surface can be well represented by the Fourier cosine series in the internal rotation angle φ
where φ and i are the torsional angle and the foldness of barrier, respectively. The potential function parameters are shown in Table 3 .
Intramolecular hydrogen bonding
In order to determine the IHB energy of the chelated forms, E HB , it is prevalent to calculate the energy difference between the chelated cis-enol (I) tautomers and their open trans-enol (II) analogs. For comparison, the calculated E HB and some of the calculated spectroscopic properties 51 related to the IHB strength for all chelated conformers are given in Table 4 . The theoretical E HB of these conformers, evaluated as the stability difference between the chelated enol (I) and the corresponding open (II) structures, obey a particular regularity in all calculations such that the A conformers have higher IHB energies than the B conformers:
Considering the calculated OH and OD stretching and out-of-plane bending frequencies, the following trend in the IHB strength, S HB , is obtained among four TTFA chelated forms that have almost the same stability:
There is a switch between A1 and B1 when the above strength and energy trends of the hydrogen bonding are compared. This can be attributed to the method of the hydrogen bond energy calculation, which has a higher margin of error in some cases. Here, the calculated E HB of the B1 chelated forms is less than its real value, due to the existence of another IHB between OH and the fluorine atoms of the −CF 3 group in the B1(II) form, which increases its stability (decreases its energy); i.e. E B1(II ) − E B1(I) < real value. On the other hand, the steric hindrance between OH and the H3 atom of the thienyl ring in A1(II ) increases the energy of this form. Therefore, the calculated E HB in A1 is higher than its real value, i.e.
The highest and the lowest IHB strengths and energies in the chelated forms are obtained for A2 and B2, respectively. This can be explained as follows: the longer π-electron conjugation in A2 than in B2 (four conjugated double bond in the former vs. three in the latter) makes the negative charge on the oxygen atom of the carbonyl group more stabilized, because of more available resonance forms. This may assist the A2 form to have a higher IHB strength than B2.
To study the effects of the thienyl and trifluoromethyl groups on IHB, the main optimized geometrical parameters of the chelated rings of B2(I)-TTFA, AA, TFAA, and HFAA (all calculated at the B3LYP/6-311++G** and MP2/6-31G** levels of theory), as well as some of their experimental spectroscopic properties related to IHB strength, 11, 12, 47, 51, 52 are compared in Table 5 . After considering the proton chemical shifts and comparing the experimental OH and OD bond stretching frequencies, we find the next trend in S HB for the aforementioned molecules:
S HB : AA > B2 − T T F A > T F AA > HF AA where TTFA has an IHB strength between AA and TFAA. This trend agrees excellently with the O-H bond lengths, the O· · ·O and O· · ·H distances, and the OHO angles that have been calculated.
The hydrogen bond energy E HB for B2-TTFA calculated at the B3LYP/6-311++G** level of theory is 13.57 kcal/mol, whereas the corresponding values for AA, TFAA, and HFAA are 15.87, 12.89, and 10.29 kcal/mol, respectively.
52 These calculations are also consistent with the above-mentioned experimental data and other theoretical results: The abnormally higher value of the C=O bond length in B2-TTFA (see Table 5 ) is caused by the higher π-electron delocalization in this segment of the molecule, due to the contribution to conjugation from the thienyl ring. Because of this contribution, there is less bond equalization in the C-C α =C-O segment of the chelated ring, resulting in the shorter C α =C and longer C-C α bond lengths in comparison with those of AA, TFAA, and HFAA (see Fig. 6 ).
It is quite clear that the electron-withdrawing groups (such as the trifluoromethyl) in β position weaken the IHB, whilst the π-systems (such as the thienyl ring) strengthen the IHB in the β-dicarbonyl through conjugation with the enol ring.
Conclusion
Out of 40 possible conformers of TTFA, only 4 conformers have the chelated IHB. The energies of these chelated enol tautomers, on average, are about 8.5 kcal/mol lower than those of the keto tautomers, due to the IHB and the planer structure of the chelated forms. The keto tautomers are considerably more stable than other non-chelated enol tautomers. The absence of IHB, high steric hindrances, and consequently the great deviation from molecular planarity, lead to the instability of the non-chelated enols.
From the theoretical standpoint within DFT, the stabilities of the four chelated conformers are very close to one another: the biggest difference at B3LYP/6-311++G**, with the best geometrical results, is no more than 0.12 kcal/mol (expect for the B1 conformer). However, MP2 calculations show that B2(I) is at least 1.1 kcal/mol more stable than the other chelated conformations.
The X-ray experimental data, which are consistent with the MP2 theoretical results, suggest just one B2(I) tautomer existing with two different structural geometries in the asymmetric unit of the crystal; it seems more suitable for this tautomer to be fixed with circumscription of molecules, lattice strain, and intermolecular interactions in the crystal structure. The theoretical results at B3LYP/6-311++G** for the O-H bond length, the O· · ·O and O· · ·H distances, and the OHO and two COH angles are in excellent agreement with the experimental data, and these values confirm a significant IHB in the molecule.
As for the empirical spectroscopic properties, the IHB strength of TTFA has been determined to be between those of AA and TFAA. This indicates the negative and positive effects of an electron-withdrawing group (such as the trifluoromethyl) and an electron-supplying group (such as the thienyl) in β position on the IHB strength of the β-dicarbonyls, respectively.
